We previously showed that selective mineralocorticoid receptor (MR) blockade by eplerenone is cardioprotective in Dahl salt-sensitive (DS) rats. To clarify the consequences of glucocorticoid-mediated MR activation in these animals, we investigated the effects of exogenous corticosterone on blood pressure as well as cardiac remodeling and function after adrenalectomy. DS rats were subjected to adrenalectomy at 6 weeks of age and thereafter fed a high-salt diet and administered corticosterone (20 mg/kg per day) or vehicle. Systolic blood pressure was higher in the corticosterone group than in the vehicle group at 7 weeks and thereafter. By 11 weeks, corticosterone had reduced left ventricular (LV) mass and induced LV diastolic dysfunction. The ratio of collagen type I to type III mRNA levels in the left ventricle was increased in the corticosterone group compared with the vehicle group. Administration of a non-antihypertensive dose of the MR antagonist spironolactone (20 mg/kg per day) from 6 weeks inhibited the effects of corticosterone on both the collagen type I to type III mRNA ratio and diastolic function without affecting the decrease in LV mass. Spironolactone attenuated both the increase in NADPH oxidase activity in the left ventricle and coronary vascular inflammatory responses apparent in the corticosterone group. These results indicate that exogenous glucocorticoids induce hypertension, cardiac remodeling, and diastolic dysfunction in adrenalectomized DS rats fed a high-salt diet. The cardiac effects of exogenous glucocorticoids are likely attributable, at least in part, to myocardial oxidative stress and coronary vascular inflammation induced by glucocorticoid-activated MRs..
INTRODUCTION
Abnormal activation of the renin-angiotensin-aldosterone system correlates directly with the incidence and extent of target organ damage. Indeed, a chronic increase in the plasma concentration of aldosterone contributes to the pathophysiology of heart failure. The harmful effects of aldosterone on the cardiovascular system include the induction of hypertrophy and fibrosis, a reduction in vascular compliance, ventricular diastolic dysfunction, and ventricular arrhythmia. 1, 2) Transgenic mice with a selective increase in the activity of mineralocorticoid receptors (MRs) in cardiac myocytes develop myocardial hypertrophy and interstitial fibrosis, resulting in progressive left ventricular (LV) dilation, heart failure, and death.
3) All these effects were prevented by treatment with the selective MR antagonist eplerenone. Overactivity of the renin-angiotensinaldosterone system is thus thought to be a risk factor for cardiovascular disease. Furthermore, we have previously shown that selective MR blockade with eplerenone is cardioprotective in the setting of hypertension associated with low renin and aldosterone levels. 4) The MR was originally thought to be activated only by the mineralocorticoid aldosterone and to act primarily by promoting sodium retention and potassium excretion in the kidney, thereby increasing blood pressure. 5) It is now known to be expressed in nonepithelial cells, including cardiomyocytes, and to be activated by endogenous glucocorticoids, including cortisol in humans and corticosterone in rodents. 6) In vivo, endogenous glucocorticoids bind both the MR and the glucocorticoid receptor (GR), whereas aldosterone specifically binds to the MR. Aldosterone and corticosterone possess similar high affinities for the MR, and glucocorticoids circulate at concentrations much higher than that of aldosterone under normal circumstances. 6 ) Aldosterone action at MRs in epithelial tissues and vascular smooth muscle cells is ensured by the enzyme 11β-hydroxysteroid dehydrogenase type 2, which catalyzes the conversion of corticosterone to 11-dehydrocorticosterone, a metabolite with negligible activity at the MR. This enzyme is present at only low levels in cardiac tissue, 4, 6) with the result that MRs in cardiomyocytes are normally occupied (but not activated) by high levels of intracellular glucocorticoids. Endogenous glucocorticoids normally do not mimic the effects of aldosterone at these unprotected MRs, however, but rather act as MR antagonists. 6) Redox regulation is thought to be an important determinant of the activity of transcription factors including nuclear hormone receptors. Cellular redox status thus modulates GR function in vivo, 7) and oxidative stress and the generation of reactive oxygen species affect the expression of estrogen receptors. 8) Given that nuclear nicotinamide adenine dinucleotide (NADH) activates transcriptional corepressors in vivo and attenuates transactivation, 9) alterations in redox status during oxidative stress may be a driver for activation of the glucocorticoid-MR complex in the cardiovascular system. 4) We hypothesized that glucocorticoid-mediated MR activation may contribute to cardiac and coronary vascular injury associated with low-aldosterone hypertension. To test this hypothesis, we investigated the effects of exogenous corticosterone on blood pressure and cardiac remodeling and function, as well as the modulation of such effects by MR blockade, in adrenalectomized (ADX) Dahl salt-sensitive (DS) rats fed a high-salt diet.
METHODS

Animals and experimental protocols
Male inbred DS rats were obtained from Japan SLC Inc. (Hamamatsu, Japan) and were handled in accordance with the guidelines of Nagoya University Graduate School of Medicine as well as with the Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1996) . Weaning rats were fed laboratory chow containing 0.3% NaCl until 6 weeks of age, after which the diet was switched to chow containing 8% NaCl. DS rats fed an 8% NaCl diet after 6 weeks of age develop compensated LV hypertrophy attributable to hypertension at 11 weeks. 10) DS rats on such a diet were randomly allocated to four groups:
(1) the LV hypertrophy (LVH) group (n = 7); (2) the ADX+CTC group (n = 10), in which the animals underwent bilateral adrenalectomy and were administered corticosterone (CTC, 20 mg per kilogram of body weight per day; Sigma, St. Louis, MO); (3) the ADX+CTC+SPL group (n = 9), in which the animals underwent adrenalectomy and were administered both corticosterone (20 mg/kg per day) and spironolactone (SPL, 20 mg/kg per day; Sigma); and (4) the ADX+V group (n = 10), in which the animals underwent adrenalectomy and were administered vehicle. Adrenalectomy was performed with rats under pentobarbital anesthesia at 3 days after initiation of the high-salt diet. Corticosterone was injected subcutaneously twice a day and spironolactone was administered orally via a gastric tube, with drug treatment beginning on the day of adrenalectomy and ending when the animals reached 11 weeks of age. The doses of corticosterone and spironolactone were determined on the basis of results of previous studies. 11, 12) DS rats fed a 0.3% NaCl diet after 6 weeks of age remain normotensive, and such animals served as agematched controls (CONT group, n = 8). Both the diets and tap water were provided ad libitum throughout the experimental period. At 11 weeks of age, all of the rats were anesthetized by intraperitoneal injection of ketamine (50 mg/kg) and xylazine (10 mg/kg) and were subjected to hemodynamic and echocardiographic analyses. The heart was subsequently excised, and LV tissue was separated for analysis.
Echocardiographic and hemodynamic analyses
Systolic blood pressure (SBP) was measured weekly in conscious animals by tail-cuff plethysmography (BP-98A; Softron, Tokyo, Japan). At 11 weeks of age, rats were subjected to transthoracic echocardiography, as described previously. 10) In brief, M-mode echocardiography was performed with a 12.5-MHz transducer (Aplio SSA-700A; Toshiba Medical Systems, Tochigi, Japan). LV end-diastolic (LVDd) and end-systolic (LVDs) dimensions as well as the thickness of LV posterior wall (LVPWT) were measured, and LV fractional shortening (LVFS) was calculated according to the formula: LVFS = [(LVDd -LVDs)/LVDd] × 100%. For assessment of LV diastolic function, we calculated the deceleration time (DcT) and the isovolumic relaxation time (IRT) from the pulsed Doppler echocardiographic data. After echocardiography, cardiac catheterization was performed as described previously. 13) Tracings of LV pressure and the electrocardiogram were digitized to determine LV end-diastolic pressure (LVEDP). The time constant of isovolumic relaxation (tau) was calculated by the derivative method of Raff and Glantz as described previously. 14) Histology and immunohistochemistry LV tissue was fixed in ice-cold 4% paraformaldehyde for 48 to 72 h, embedded in paraffin, and processed for histology as described. 15) Transverse sections (thickness, 3 µm) were stained either with hematoxylin-eosin for routine histological examination or with Azan-Mallory solution for evaluation of the extent of fibrosis, as described previously. 10) To evaluate macrophage infiltration into the myocardium, we performed immunostaining for the monocyte-macrophage marker CD68 with frozen sections (thickness, 5 µm) that had been fixed with acetone. Endogenous peroxidase activity was blocked by exposure of the sections to methanol containing 0.3% hydrogen peroxide. Sections were incubated at 4°C first overnight with mouse monoclonal antibodies to CD68 (1:100 dilution of clone ED1; Chemicon, Temecula, CA) and then for 30 min with Histofine Simple Stain Rat MAX PO (Nichirei Biosciences, Tokyo, Japan). Immune complexes were visualized with diaminobenzidine and hydrogen peroxide, and the sections were counterstained with hematoxylin. Image analysis was performed with NIH Scion Image software.
Assay of superoxide production
Nicotinamide adenine dinucleotide phosphate (NADPH)-dependent superoxide production by homogenates prepared from freshly frozen LV tissue was measured with an assay based on lucigenin-enhanced chemiluminescence as described previously.
16) The chemiluminescence signal was sampled every minute for 10 min with a microplate reader (WALLAC 1420 ARVO MX/ Light; Perkin-Elmer, Waltham, MA), and the respective background counts were subtracted from experimental values. Superoxide production in tissue sections was examined as described 17) with the use of dihydroethidium (Sigma), which is rapidly oxidized by superoxide to yield fluorescent ethidium. Sections were examined with a fluorescence microscope equipped with a 585-nm longpass filter. As a negative control, sections were incubated with superoxide dismutase (300 U/mL) before staining with dihydroethidium; such treatment prevented the generation of fluorescence signals (data not shown).
Quantitative RT-PCR analysis
Total RNA was extracted from LV tissue and treated with DNase with the use of a spinvacuum isolation kit (Promega, Madison, WI). Complementary DNA (cDNA) was synthesized from 2 µg of the total RNA by reverse transcription (RT) with the use of random primers (Invitrogen, Carlsbad, CA) and MuLV reverse transcriptase (Applied Biosystems, Foster City, CA). Real-time polymerase chain reaction (PCR) analysis was performed with the use of a Prism 7700 Sequence Detector (Perkin-Elmer, Wellesley, MA), as previously described, 18) and with primers and TaqMan probes specific for rat cDNAs encoding atrial natriuretic peptide (ANP), 10) brain natriuretic peptide (BNP), 10) collagen type I, 19) collagen type III, 19) 23) and Rac1 23) subunits of NADPH oxidase. Reagents for detection of human 18S rRNA (Applied Biosystems) were used to quantify rat 18S rRNA as an internal standard.
Plasma hormone analysis
Blood was collected from the right carotid artery of rats after hemodynamic measurements. Plasma renin activity was measured by radioimmunoassay (RIA) with the use of renin RIA beads (Abbott Japan, Tokyo, Japan). Plasma aldosterone concentration was determined by RIA with the use of a DPC aldosterone kit (Mitsubishi Chemical Medience, Tokyo, Japan).
Statistical analysis
Data are presented as means ± SEM. Differences among groups of rats at 11 weeks of age were assessed by one-way factorial analysis of variance (ANOVA) followed by Fisher's multiple-comparison test. The time course of SBP was compared among groups by two-way repeated-measures ANOVA. A P value of <0.05 was considered statistically significant.
RESULTS
Plasma renin activity and aldosterone concentration
Plasma renin activity was markedly reduced in rats of the LVH, ADX+V, ADX+CTC, and ADX+CTC+SPL groups at 11 weeks of age ( Figure 1A ). Plasma aldosterone concentration was also greatly reduced in LVH rats, whereas it was below the detection limit in ADX+V, ADX+CTC, and ADX+CTC+SPL rats ( Figure 1B) , indicative of the complete removal of the adrenal glands in these animals.
Hemodynamics and LV geometry and function
At 11 weeks of age, there was no significant difference in body weight between LVH and CONT rats (Table 1) . However, body weight of ADX+CTC rats was significantly reduced compared with that of ADX+V rats. Treatment of ADX+CTC rats with SPL resulted in a further decrease in body weight. LVH rats progressively developed severe hypertension ( Figure  2 , Table 1 ). In contrast, ADX+V rats maintained a normal SBP, just like CONT rats. However, ADX+CTC rats showed a substantial increase in SBP at 8 weeks of age and then maintained a constant high blood pressure until 11 weeks. This increase in SBP apparent in ADX+CTC rats was not affected by treatment with SPL. Heart rate was similar among the animals of the five experimental groups (Table 1) . LV weight was significantly increased in LVH rats compared with CONT rats, and this effect was abolished in ADX+V rats. ADX+CTC rats showed a significant decrease in LV weight compared with ADX+V rats, and treatment of ADX+CTC rats with SPL did not significantly affect this parameter.
Echocardiography revealed that both LVPWT and LVFS were significantly increased in LVH rats compared with CONT rats ( Table 2 ). The increase in LVPWT seen in LVH rats was attenuated in ADX+V rats. There was no significant difference in LVDd among these three groups. CTC significantly reduced both LVPWT and LVDd, whereas it did not affect LVFS, in ADX rats. DcT, IRT, and tau, all of which are indices of LV relaxation, as well as the ratio of LVEDP to LVDd, an index of LV diastolic stiffness, were all increased in LVH rats compared with CONT rats, and these effects were attenuated in ADX+V rats. ADX+CTC rats showed significant increases in DcT, IRT, tau, and the LVEDP to LVDd ratio compared with ADX+V rats, and treatment of ADX+CTC rats with SPL attenuated all of these changes in parameters of LV diastolic function. 
Cardiomyocyte growth and cardiac fibrosis
Microscopic analysis revealed that the cross-sectional area of cardiac myocytes was increased in LVH rats compared with CONT rats and that this effect was abolished in ADX+V rats ( Figure  3A, B) . CTC significantly reduced LV cardiomyocyte size in ADX rats and this effect was not significantly influenced by treatment with SPL. Hemodynamic overload resulted in marked upregulation of ANP and BNP gene expression in the left ventricle of LVH rats and these effects were prevented by adrenalectomy ( Figure 3C, D) . The abundance of IGF-1 mRNA did not differ between CONT and LVH rats but was reduced by adrenalectomy ( Figure 3E) . CTC downregulated the expression of both fetal-type cardiac genes as well as that of the IGF-1 gene in ADX rats and these effects were not modified by treatment with SPL.
Azan-Mallory staining revealed that fibrosis in perivascular and interstitial regions of the LV myocardium was increased in LVH rats compared with CONT rats, and that this effect was abolished in ADX+V rats ( Figure 4A-C) . Perivascular fibrosis, but not interstitial fibrosis, was significantly increased by CTC in ADX rats, and this increase in perivascular fibrosis was inhibited by treatment with SPL. The ratio of the amount of collagen type I mRNA to that of collagen type III mRNA, which correlates with myocardial stiffness, was increased in LVH rats compared with CONT rats and this effect was abolished in ADX+V rats ( Figure 4D ). CTC significantly increased the collagen type I to type III mRNA ratio in a manner sensitive to SPL in ADX rats.
Myocardial oxidative stress
Superoxide production in myocardial tissue sections revealed by staining with dihydroethidium as well as the activity of NADPH oxidase in LV homogenates were both significantly increased in LVH rats compared with CONT rats, and these effects were abolished in ADX+V rats ( Figure 5A, B) . CTC increased myocardial superoxide production and NADPH oxidase activity in a manner sensitive to SPL in ADX rats. The expression of genes for the p22 phox , gp91 phox , p67 phox and Rac1 but not for p47 phox subunits of NADPH oxidase was also upregulated in the left ventricle of LVH rats compared with CONT rats and these effects were prevented by ADX ( Figure 5C-G) . CTC did not affect the expression levels of p22 phox , gp91 phox , or Rac1 genes, but it significantly upregulated the expression of p47 phox and p67 phox genes in ADX rats. , and Rac1 mRNAs, respectively. The amount of each mRNA was normalized by that of 18S rRNA and then expressed relative to the corresponding mean value for the CONT group. Data in (B) through (G) are means ± SEM for animals in each group. *P < 0.05 versus CONT group; †P < 0.05 versus LVH group; ‡P < 0.05 versus ADX+V group; §P < 0.05 versus ADX+CTC group.
Myocardial inflammation
Immunostaining of the LV myocardium for the monocyte-macrophage marker CD68 revealed that macrophage infiltration in the myocardium was increased in LVH rats compared with CONT rats and that this effect was attenuated in ADX+V rats ( Figure 6A, B) . CTC increased macrophage infiltration in ADX rats in a manner sensitive to treatment with SPL. The expression of MCP-1, osteopontin, and COX-2 genes in the left ventricle was increased in LVH rats compared with CONT rats and these effects were abolished in ADX+V rats ( Figure 6C-E) . CTC upregulated the expression of these inflammatory marker genes in ADX rats in a manner sensitive to SPL.
DISCUSSION
We have shown that exogenous corticosterone induces hypertension, cardiac remodeling, and diastolic dysfunction in adrenalectomized DS rats fed a high-salt diet, and that spironolactone attenuates these effects without lowering blood pressure. Our data thus suggest that exogenous glucocorticoids activate cardiac MRs and thereby contribute to cardiac remodeling and diastolic dysfunction in this model of no-aldosterone hypertension. Increased oxidative stress may underlie activation of the glucocorticoid-MR complex in the heart of these animals. The beneficial effects of spironolactone in this model are likely attributable to attenuation of myocardial oxidative stress and coronary vascular inflammation induced by glucocorticoid-activated MRs. Cardiac hypertrophy induced by hypertension is associated with increases in cardiomyocyte cell volume, changes in cardiac gene transcription and translation, and enhanced myofibrillar assembly. 24) In the present study, corticosterone-treated ADX rats showed cardiac atrophy despite the presence of sustained LV pressure overload, and this effect was not inhibited by spironolactone treatment. These data suggest that MRs may not be responsible for the corticosterone-induced inhibition of LV myocardial growth. 20) Downregulation of IGF-1 in muscle has been implicated in the skeletal muscle atrophy induced by glucocorticoids.
25) The corticosterone-induced cardiac atrophy observed in the present study may thus have resulted from inhibition of the IGF-1 system in a manner independent of MRs.
Cardiac fibrosis is a pathological feature associated with hypertension and is responsible for LV diastolic dysfunction, likely as a result of increased LV diastolic stiffness. 4) In addition, MR activation in the myocardium and coronary vasculature results in cardiac remodeling and fibrosis, myocardial oxidative stress, and coronary vascular inflammation. 4, 5) Excess reactive oxygen species (ROS) may contribute to impairment of LV diastolic function through inhibition of Ca 2+ handling proteins. 26, 27) Increased oxidative stress might also result in an increase in the ratio of collagen type I to type III mRNA levels, which has been associated with LV diastolic stiffness. 22) In the present study, spironolactone ameliorated LV perivascular fibrosis, the shift in collagen isoforms, and LV diastolic dysfunction as well as attenuated LV oxidative stress and inflammation, without lowering blood pressure, in corticosterone-treated ADX rats. These data suggest that glucocorticoid-mediated MR activation may be important in corticosterone-induced LV remodeling and diastolic dysfunction. 20) In previous studies, the cardiac effect of glucocorticoids during experimental myocardial infarction has been controversial depending on their types or doses. 28, 29) Our results are consistent with a recent study showing that glucocorticoids aggravate cardiac damage by activation of MRs during ischemia-reperfusion in the isolated perfused rat heart. 30) Although glucocorticoids have been thought to act as antagonists of the MR in nonepithelial cells such as cardiomyocytes and brain cells, glucocorticoid-MR complexes are activated as a result of the generation of ROS. 6) Given that ROS regulate the sumoylation-desumoylation equilibrium in vitro, posttranslational modification of MRs by the small ubiquitin-related modifier might be involved in ROS-induced MR activation. 31) In the present study, salt loading or LV pressure overload associated with corticosterone-induced hypertension may have been the stimulus for ROS production in the heart. ROS-induced MR activation results in activation of NADPH oxidase 4) and induces ROS production and tissue injury, thereby forming a vicious circle. MR inhibition has been shown to attenuate cardiac oxidative stress and inflammation in rodent models of chronic pressure overload. 4, 32, 33) Furthermore, spironolactone treatment partially suppressed cardiac inflammatory-fibrogenic and oxidative stress responses in vivo after angiotensin II infusion in normotensive Sprague-Dawley rats. 34) ADX+CTC rats are a model of no-aldosterone hypertension, an extreme condition distinct from low-aldosterone hypertension (e.g. LVH rats) that is usually detected in humans. In the present study, spironolactone may thus have protected the heart from corticosterone-induced damage and diastolic dysfunction through the inhibition of aldosterone-independent, ROS-induced activation of corticosterone-MR complexes. The increase in NADPH oxidase activity was accompanied by upregulation of the p47 phox and p67 phox genes but not p22 phox , gp91 phox , or Rac1 genes in the left ventricle of ADX+CTC rats. These data suggest that the abundance of these cytosolic components (p47 phox and p67 phox) may have contributed to the activation of NADPH oxidase. 35, 36) Macrophage infiltration into the perivascular space of intramural coronary vessels as well as the interstitial space was accompanied by upregulation of the expression of genes for the proinflammatory proteins MCP-1, osteopontin, and COX-2 in the heart of ADX+CTC rats. The observation that the proinflammatory effects of corticosterone were attenuated by treatment with spironolactone suggests that coronary vascular inflammation induced by corticosterone-activated MRs may have contributed to the cardiac injury and perivascular fibrosis apparent in the present study. Our results are in good agreement with previous results showing that activation of MRs by exogenous glucocorticoids can lead to the development of cardiovascular inflammatory responses in adrenalectomized rats. 37) MR-and salt-induced cardiac pathology is characterized by an early vascular inflammatory response involving MCP-1, adhesion molecules, and macrophages before the onset of collagen deposition. 38) Administration of MR antagonists such as eplerenone or spironolactone reduces macrophage accumulation in various disease models, including those of myocardial infarction and angiotensin II-or aldosterone-induced vascular inflammation and damage. [38] [39] [40] In the present study, the spironolactone-induced inhibition of coronary vascular inflammation may thus have contributed to the attenuation of cardiac remodeling and led to the amelioration of LV diastolic dysfunction in corticosterone-treated ADX rats.
Treatment of ADX rats with corticosterone induced a substantial increase in SBP that was maintained until 11 weeks of age. This increase in SBP was not affected by treatment with spironolactone, however, indicating that the adrenal glands are necessary for the development of salt-induced hypertension in this model and suggesting that MRs may not be responsible for corticosterone-induced hypertension in ADX rats. The present results are consistent with those of previous studies showing that adrenocorticotropic hormone-or corticosterone-induced hypertension in rats was not prevented by MR blockade with spironolactone. 20, 41) Impairment of leukocyte-endothelium interactions in spontaneously hypertensive rats was found to be dependent on glucocorticoids. 42) Oxidative stress and deficiency of nitric oxide are emerging as key factors in the pathogenesis of glucocorticoid-induced hypertension. 43) MR-independent vascular inflammation and oxidative stress may thus have played a role in the pathogenesis of glucocorticoid-induced hypertension in ADX rats in the present study.
In conclusion, exogenous corticosterone induced hypertension, cardiac remodeling, and diastolic dysfunction in adrenalectomized DS rats fed a high-salt diet. The cardiac effects of exogenous corticosterone were likely attributable, at least in part, to myocardial oxidative stress and coronary vascular inflammation induced by glucocorticoid-activated MRs. Further studies are required to identify the precise mechanisms of ROS-induced activation of glucocorticoid-MR complexes in the cardiovascular system.
